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The full-length dengue virus NS3 protein has been successfully expressed as a 94-kDa GST fusion protein in Escherichia
coli. Treatment of the purified fusion protein with thrombin released a 68-kDa protein which is the expected molecular mass
for the DEN1 NS3 protein. The identity of this protein was confirmed by Western blotting using dengue virus antisera. Two
related activities of the recombinant NS3 protein were characterized, which were the binding of the protein to the
39-noncoding region of the dengue virus RNA genome and NTPase activity. We demonstrated using a band shift assay that
the DEN1 NS3 protein could form a complex with the stem-loop structure in the 39-noncoding region (39-NCR), although sites
outside the stem-loop may also participate in binding. Using various unlabeled homopolymeric and heteropolymeric RNAs
as competitors for binding, it was further shown that the DEN1 NS3 protein exhibits preferential binding to a 94-nt RNA
transcript from the 39-NCR of the dengue virus. The NTPase activity of the recombinant DEN1 NS3 protein was characterized
using a thin-layer chromatography assay. We found that the DEN1 NS3 protein possesses some aspects of NTPase activity,
which are distinct from those found in other flaviviruses. Although the NS3 protein was able to utilize all four ribonucleoside
triphosphates as its substrates, the NS3 protein showed a distinct preference for purine triphosphates (i.e., ATP and GTP).
The addition of poly(U) did not stimulate NTPase activity in DEN1 NS3 protein, which contrasts with the reports for other
flaviviral NS3 proteins. However, NTPase activity was specifically stimulated by the viral NS5 protein, which was manifested
by a more than twofold increase in the rate of ATP hydrolysis and a 25% increase in the yield of ADP at the end of a 120-min
reaction. These data suggest that the NTPase activity of the NS3 protein may be regulated by the viral NS5 protein during
virus replication. © 1998 Academic Press
INTRODUCTION
Dengue virus is currently the most important flavivirus
causing human disease, being the causative agent of
dengue fever (DF) and dengue hemorrhagic fever (DHF)
(Halstead, 1988). Dengue virus, like other flaviviruses,
contains a single positive-stranded RNA genome, which
is initially translated into a polyprotein (Brinton, 1986;
Buck, 1996; Chambers et al., 1990). This is subsequently
processed by viral and host cell protease activities to
produce three structural and seven nonstructural pro-
teins (Cahour et al., 1992; Preugschat and Strauss, 1991;
Wengler et al., 1991). Enzyme activities, which are essen-
tial for virus replication, are associated with the non-
structural proteins, which include the viral polymerase
(Tan et al., 1996; Rice et al., 1985; Koonin, 1991) and
protease (Arias et al., 1993; Falgout et al., 1991).
Several studies have demonstrated that the flavivirus
NS3 protein mediates, in addition to protease activity,
several activities associated with virus replication, in-
cluding NTPase, helicase, and RNA binding (Gorbalenya
et al., 1989; Bartholomeusz and Wright, 1993). These
functions are located in different regions of the NS3
protein. The protease activity is associated with a do-
main comprising approximately the first 184 aa, while the
activities associated with virus RNA replication are lo-
cated in a second, larger, C-terminal domain (Falgout et
al., 1991; Chambers et al., 1990). It is likely that at differ-
ent stages of the virus replication cycle, the NS3 protein
requires specific interactions with other proteins, either
virus-encoded or from the host cell, to regulate these
different biological activities.
The dengue virus type 1 (DEN1) Singapore strain
S275/90, isolated and sequenced in our laboratory,
shows extensive homology with the other three dengue
virus serotypes (Fu et al., 1992). Comparison of the four
dengue viruses has revealed a putative helicase domain,
DEAH, present in the NS3 protein, which is similar to the
helicase motifs in other positive-stranded RNA viruses.
NTPase activity has been found to be associated with
flaviviruses such as yellow fever virus (YFV) (Warrener et
al., 1993), West Nile virus (WNV) (Wengler and Wengler,
1991, 1993), Japanese encephalitis virus (JEV) (Kuo et al.,
1996), and the closely related hepatitis C virus (HCV)
(Suzich et al., 1993) NS3 proteins. This activity has not
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been demonstrated in the dengue virus NS3 protein and
in this report the NTPase activity of the recombinant
DEN1 NS3 protein has been characterized. We show that
some features of the NTPase activity exhibited by the
DEN1 NS3 protein are distinct from those of other flavi-
viruses. Band shift assays using various RNA molecules
were performed to show that specific interactions ex-
isted between the DEN1 NS3 protein and an RNA frag-
ment derived from the 39-noncoding region (39-NCR) of
the dengue virus RNA genome. These data suggested
that the NS3 protein is multifunctional and plays many
important roles in virus infection and viral RNA replica-
tion.
RESULTS
Expression and purification of DEN1 NS3 protein and
Western blot analysis
The dengue virus NS3 protein has been expressed as
a GST fusion protein in Escherichia coli using the con-
ditions of induction described under Materials and Meth-
ods. We could obtain approximately 0.3 mg of soluble
GST–NS3 fusion protein from 1 liter of bacterial culture,
which contrasts with other researchers who have re-
ported that the expression of flaviviral NS3 proteins with
a 6-histidine tag was insoluble in the bacterial cytoplasm
(e.g., JEV, Kuo et al., 1996). Treatment of the purified
94-kDa GST–NS3 fusion protein with thrombin yielded a
major band of 68 kDa protein species in the SDS–PAGE
(Fig.1A), with the expected molecular mass for NS3. The
antigenicity of the recombinant NS3 protein was con-
firmed using an antiserum against dengue virus type 1
(Fig.1B). The recombinant NS3 was stable for at least 2
months at 220°C in PBS containing 25% glycerol.
The immunogenicity of the recombinant DEN1 NS3
protein was examined in studies with an antiserum pre-
pared against the recombinant NS3 protein. Using de-
tergent extracts prepared from DEN1 virus-infected
C6/36 mosquito cells, the recombinant NS3 antiserum
immunoprecipitated a 68-kDa protein, which is the ex-
pected size for NS3 protein (data not shown). The results
of these RIPAs also demonstrate that in addition to the
NS3 protein, a protein of approximately 100 kDa was
coprecipitated using recombinant NS3 antiserum. This
protein has the expected size of the DEN1 NS5 viral RNA
polymerase, suggesting an association between the NS3
and NS5 proteins. Similar results were obtained using
recombinant NS5 antiserum (data not shown) although
the proportions of the two coprecipitated proteins vary in
each case. This confirms previous observations which
demonstrated an interaction between the NS3 and NS5
proteins (Bartholomeusz and Wright, 1993; Kapoor et al.,
1995).
Recombinant DEN1 NS3 protein possesses viral RNA
binding activity
As a member of the positive-stranded RNA viruses, the
39-noncoding region of dengue virus has been demon-
strated to play an important role in the initiation of the
negative-strand RNA synthesis (Tan et al., 1996; Chen et
al., 1997). Direct evidence has been obtained to show
that the NS5 polymerase binds to the 39-noncoding re-
gion of the viral genome (Tan et al., 1996), but no evi-
dence was obtained to show binding of the dengue virus
NS3 protein to this region of the dengue virus RNA
genome. We therefore used a 629-nt RNA transcript
which was derived from the DEN1 viral genome, com-
prising part of the DEN1 NS5-coding and the entire
39-noncoding region (Tan et al., 1996), to assess the
ability of the NS3 protein to bind viral RNA. The results of
band shift assays indicated that the NS3 protein was
able to bind to this RNA transcript, forming a protein–
RNA complex whose migration was retarded in nonde-
naturing PAGE (Fig. 2A, lane 2). In contrast, the GST
control protein failed to show any retardation to the RNA
(Fig.2A, lane 3). It has been predicted that the 39-non-
coding region of dengue virus could form a stem-loop
structure (Shi et al., 1996; Fig.2B) that is important in a
primer-free synthesis of viral RNA. To determine if this
stem-loop structure was involved in the binding of the
NS3 protein to the viral RNA, a small RNA transcript of 94
nt, which comprises this stem loop region, was used in
a band shift assay experiment. A slowly migrating band
representing the pDEN94nt RNA–NS3 complex was ob-
served following analysis by 8% nondenaturing PAGE
(Fig. 2C); furthermore, this RNA binding was dependent
FIG. 1. Purification of the recombinant DEN1 NS3 protein. (A) SDS–
PAGE analysis. Lanes 1–3 are, respectively, from the molecular weight
protein markers, the GST–NS3 fusion polypeptide, and the NS3 protein
following thrombin cleavage. (B) Western blot analysis of the GST–NS3
fusion polypeptide (lane 1) and NS3 protein (lane 2) using rabbit
antisera against dengue virus type 1.
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on the concentration of the NS3 protein in the reaction
mixture (data not shown). However, we observed that
stronger binding occurred between the NS3 protein and
the 629-nt RNA transcript than with the smaller 94-nt
RNA transcript. This suggests that NS3 protein may bind
to the viral RNA at sites outside the stem-loop structure
as well as to the stem-loop structure itself. Nevertheless,
it is the stem-loop structure as well as some other short
conserved sequences within the 39-NCR that may func-
tion as cis-acting signals and interact with viral and
cellular proteins during the initiation of the minus-strand
RNA synthesis (Shi et al., 1996).
Recombinant DEN1 NS3 protein shows preferential
binding to the 39-noncoding region of the viral RNA
genome
To further examine the binding specificity of the DEN1
NS3 protein to the pDEN94nt RNA transcript from the
39-NCR of the dengue virus RNA genome, a 70-nt RNA
transcript derived from the encephalomyocarditis virus
(EMCV) was prepared from XbaI-digested plasmid DNA,
pJC1, which was included in parallel in the bandshift
assays. It was demonstrated that this 70-nt RNA tran-
script failed to show any significant binding to the NS3
protein (Fig. 3A, lane 4). By contrast, a slowly migrating
band representing the NS3–RNA complex was observed
when the pDEN94nt RNA transcript was used (Fig. 3A,
lane 2).
Bandshift assays using unlabeled competitor and non-
competitor RNAs were also performed to examine the
specificity involved in NS3–RNA complex formation. It
was showed that both labeled and unlabeled DEN1
pDEN94nt RNA competed for complex formation (Fig. 3B,
lanes 3–5). By comparison, under the same experimental
conditions, unlabeled homopolymeric RNAs, polyuridy-
late and polyadenylate, failed to inhibit the complex for-
mation between the DEN1 pDEN94nt RNA and the NS3
protein (Fig. 3B, lanes 6–11) except that a slight reduction
of the complex formation was observed when a 10-fold
molar excess of poly(U) was added. In addition, we could
only detect competition for the binding when a 10-fold
molar excess of the rabbit a-globin mRNA was used as
competitors in the reactions (Fig. 3C).
To examine whether an RNA molecule from another
region of the dengue virus could form complexes with
the DEN1 NS3 protein, a 790-nt RNA transcript from the
59 region of the dengue virus RNA genome was pre-
pared. The bandshift assays demonstrated that no sig-
nificant association occurred between the DEN1 NS3
protein and this 790-nt RNA fragment under the condi-
tions for standard binding reactions (data not shown).
These results together suggested that the binding of the
NS3 protein to the pDEN94nt RNA with a stem-loop
structure is preferential, although more specific interac-
tions may require the involvement of other viral RNA
sequences.
Recombinant DEN1 NS3 protein exhibits specific
adenosine triphosphatase activity
Thin-layer chromatography has been successfully
used for the separation and analysis of ribonucleoside
triphosphates and their corresponding diphosphate and
monophosphate derivatives (Warrener et al., 1993; Kuo et
al., 1996). In a reaction mixture containing [a-33P]ATP and
the DEN1 NS3 protein, we were able to observe the
hydrolysis of ATP, resulting in the production of adeno-
sine diphosphate (ADP) (Fig. 4A, lane 2). In contrast, no
ATPase activity was observed when either the NS5 pro-
tein or GST was substituted for the NS3 protein in the
assay (Fig. 4A, lanes 3 and 4). The dengue virus NS3
protein NTPase activity showed a requirement for diva-
lent metal ions, in particular Mg21 (data not shown),
which is similar to the NS3 proteins of other flaviviruses.
The efficiency of ATP hydrolysis was also dependent on
the concentration of the DEN1 NS3 protein in the assay.
FIG. 2. Recombinant DEN1 NS3 protein binds to the 39-noncoding
region of the viral RNA. (A) The 629-nt RNA transcript was used in the
band shift assay and analysis was performed using 5% nondenaturing
PAGE. Lane 1, 0.1 mg of p629 RNA; lane 2, 0.1 mg of p629 RNA 1 0.2 mg
DEN1 NS3 protein; and lane 3, 0.1 mg of p629 RNA 1 0.2 mg GST. (C,
RNA–NS3 complex; F, free RNA). (B) The predicted secondary structure
of the 39-noncoding region of 92 nt using the DNASTAR RNA folding
program. (C) The 94-nt RNA transcript was used in a band shift assay
and analysis was performed using 8% nondenaturing PAGE. Lane 1, 0.1
mg 94-nt RNA; lane 2, 0.1 mg 94-nt RNA 1 0.2 mg of NS3; and lane 3, 0.1
mg 94-nt RNA 1 0.2 mg GST.
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Increasing the amount of NS3 protein from 5 to 80 ng
(Fig. 4B, lanes 2 to 6, respectively) raised the conversion
of ATP to ADP from 3 to 68%. Similarly, the competition
assays using unlabeled ATP under the standard assay
conditions demonstrated a reduction in the hydrolysis of
radiolabeled ATP. At a concentration of 1 mM unlabeled
ATP, the hydrolysis of the ATP was reduced to less than
1% (Fig. 4C, lane 5). The specific nature of NS3 protein
NTPase activity was further confirmed by rabbit anti-NS3
IgG in the ATPase assays. Purified anti-NS3 IgG was
preincubated with the NS3 protein prior to assaying for
ATPase activity. We demonstrated that the anti-NS3 IgG
could specifically block ATPase activity (Fig. 4D, lane 3).
In contrast, the IgG obtained from the preimmune serum
showed no inhibitory effect in this assay (Fig. 4D, lane 4).
These observations together demonstrated the specific-
ity of the DEN1 NS3 protein ATPase activity.
In addition to using ATP as a substrate, the ability of
DEN1 NS3 to mediate the hydrolysis of other ribonucle-
oside triphosphates have been assayed. Our results
clearly demonstrated that DEN1 NS3 protein could hy-
drolyse CTP, GTP, and UTP as well (Fig. 5). Furthermore,
it was revealed that purine NTPs (ATP and GTP) were
more readily hydrolyzed by the DEN1 NS3 protein than
pyrimidine NTPs (CTP and UTP). This is consistent with
previous data obtained with other flaviviral NS3 proteins
(Warrener et al., 1993; Wengler and Wengler, 1991; Kuo et
al., 1996). In studies using the mixture of ATP and CTP for
the NTPase assay, we also observed that DEN1 NS3
selectively hydrolyzed ATP in comparison with CTP (data
not shown). This preference for the purine NTPs may
indicate that the active site of NS3 can more readily
accommodate purine molecules than pyrimidines.
The ATPase activity of the DEN1 NS3 protein is
stimulated by NS5
Previous reports on the NTPase activity of the JEV, WNV,
and YFV NS3 proteins have shown that the addition of
poly(U) enhanced the NTPase activity of these proteins
(Warrener et al., 1993; Wengler and Wengler, 1991; Kuo et
al., 1996). This is in contrast to the results we have obtained
with the DEN1 NS3 protein, showing that the hydrolysis of
ATP was not stimulated by the addition of either poly(U)
or poly(A) (Fig. 6A; lane 3 and 4). Previous studies have
demonstrated that the recombinant NS3 proteins isolated
from JEV and WNV were able to bind poly(U)–Sepharose
(Wengler and Wengler, 1991; Kuo et al., 1996). However, we
were unable to detect binding of the DEN1 NS3 protein to
poly(U)–Sepharose (unpublished data). This observation
suggests that the dengue virus NS3 protein has unique
features in its NTPase activity which are different from
those of the other members of the flaviviruses.
Although the NS5 protein does not possess NTPase
activity, the presence of NS5 in the ATPase assays pro-
FIG. 3. Recombinant DEN1 NS3 protein showed specific bind-
ing to an RNA transcript derived from the 39-NCR of the viral RNA
genome. (A) Band shift assays using a 70-nt EMCV RNA transcript
as control. Lane 1, 0.1 mg of pDEN94nt RNA; lane 2, 0.1 mg of of
pDEN94nt RNA 1 0.2 mg DEN1 NS3 protein; lane 3, 0.1 mg of
pEMCV70nt RNA; lane 4, 0.1 mg of pEMCV70nt RNA 1 0.2 mg DEN1
NS3 protein. (C, RNA–NS3 complex; F, free RNA). (B) Effect of
unlabeled pDEN94nt RNA, poly(A), and poly(U) on binding. Lane 1,
0.1 mg of radiolabeled pDEN94nt RNA; lane 2, 0.1 mg of of pDEN94nt
RNA 1 0.2 mg DEN1 NS3 protein; lanes 3–11, the same as lane 2
except in the presence of an indicated molar excess of unlabeled
pDEN94nt RNA (lanes 3–5), poly(A) (lanes 6–8), and poly(U) (lanes
9–11). (C) Effect of rabbit a-globin RNA. Lanes 1 and 2, the same as
lanes 1 and 2 in Fig. 4B; lanes 3–5, the same as lane 2 except in
the presence of the indicated molar excess of unlabeled rabbit
a-globin RNA. (D) Band shift assays using a 790-nt DEN1 RNA from
the 59 region of the viral RNA genome. Lane 1, 0.1 mg of pDEN790nt
RNA; lane 2, 0.1 mg of pDEN790nt RNA 1 0.2 mg DEN1 NS3
protein.
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duced a significant increase in NS3 protein NTPase
activity (Fig. 6A; lane 5). We observed an increase in the
stimulation of NTPase activity with increasing amounts
of the NS5 protein. The correlation between NS5 protein
concentration and the enhancement in NS3 NTPase ac-
tivity demonstrated the specific nature of this stimulation
(Fig. 6B). The time course using a molar ratio of NS3:NS5
(1.0:0.7) in the ATPase assay produced a more than
two-fold increase in the rate of ATP hydrolysis and a 25%
increase in the yield of ADP at the end of a 120-min
reaction (Fig. 6C). In contrast, the other recombinant
DEN1 proteins, NS1, NS2 (a polypeptide consisting of
both NS2A and NS2B), and E, have no stimulatory effect
on ATP hydrolysis (data not shown). Using purifed anti-
NS5 IgG for the ATPase assay, we further confirmed that
the stimulatory effect on NS3 ATPase activity was indeed
specifically from the addition of the NS5 protein (Fig. 6D).
We further examined the ability of the NS5 protein to
stimulate NTPase activity using CTP, GTP, and UTP as
substrates. Our results demonstrate that the NS5 protein
stimulated the hydrolysis of all four substrates, but that
the strongest stimulation was obtained with CTP (Table
1). The order of efficiency of hydrolysis was ATP, GTP,
UTP, then CTP, which reflected the nature of the prefer-
ence for the purine nucleotides as substrates in the
stimulation by the NS5 protein.
DISCUSSION
A comparison of the genomic sequences of four den-
gue virus serotypes has revealed that the NS3 protein is
one of the most conserved viral proteins and shows the
least sequence variation among the four serotypes of the
dengue virus (Fu et al., 1992). The DEN1 NS3 has a
DEAH motif which is typical of NTPase proteins of other
flaviviruses. However, although the DEN1 NS3 NTPase
exhibits characteristics similar to those of other flavivirus
NS3 proteins it possesses some distinct features. For
example, it is not stimulated by the addition of polynucle-
otides (i.e., poly(U)), as reported for other flaviviral NS3
proteins (Warrener et al., 1993; Wengler and Wengler,
1991; Suzich et al., 1993). This suggests that differences
may exist in the regulation of NTPase activity of the
dengue virus NS3 protein and the other previously re-
ported flavivirus NS3 proteins.
We were interested to determine if any of the other
viral proteins were able to alter the NTPase activity of the
NS3 protein. Several studies have shown an association
between the viral NS3 and NS5 proteins during virus
replication, indicating that the NS3 proteins may partici-
FIG. 4. Recombinant DEN1 NS3 protein exhibits specific ATPase
activity. (A) Lanes 1–4 are [a-33P]ATP only, [a-33P]ATP 1 40 ng recom-
binant DEN1 NS3 protein, [a-33P]ATP 1 40 ng DEN1 NS5 protein, and
[a-33P]ATP 1 40 ng GST purified from E. coli, respectively. (B) ATPase
assay using different concentrations of NS3. Lane 1 was the [a-33P]ATP
control and lanes 2 to 6 were as in lane 1 but with 5, 10, 20, 40, and 80
ng of NS3, respectively. (C) The competition of the radiolabeled ATP by
the unlabeled ATP as substrate. Lane 1, [a-33P]ATP only; lane 2,
[a-33P]ATP 1 40 ng of NS3; lanes 3–5 were the same as lane 2 but with
0.01, 0.1, and 1 mM ATP, respectively. (D) The inhibition of ATPase
activity of NS3 by anti-NS3 IgG. Lanes 1–4 are, respectively, [a-33P]ATP,
[a-33P]ATP1 40 ng of NS3, [a-33P]ATP1 40 ng of NS3 1 80 ng of
anti-NS3 IgG, and [a-33P]ATP1 40 ng of NS3 1 80 ng of IgG purified
from preimmune serum.
FIG. 5. NTPase activity assay using the four a-33P-labeled nucleotide
triphosphates. The assays were performed under the standard condi-
tions described in the experimental sections. Lanes 1, 3, 5, and 7 were
the respective controls. Lanes 2, 4, 6, and 8 were obtained from the
reaction mixture containing 40 ng NS3 with a-33P-labeled ATP, CTP,
GTP, and UTP, respectively.
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pate in the viral RNA replication. In JEV-infected cells,
both NS3 and NS5 are localized in the perinuclear site
where functional replication complexes may be assem-
bled involving both of these two proteins (Takegami et
al., 1995). In other reports, antibodies against DEN2 or
Kunjin virus NS3 protein were shown to inhibit the con-
version of viral replicative forms to replicative intermedi-
ates, indicating that this protein may be involved in the
initiation and synthesis of the viral RNAs (Bartholomeusz
and Wright, 1993). Studies using the vaccinia virus ex-
pression system also indicated that the association of
the NS3 and NS5 proteins was linked to the differential
phosphorylation of NS5 protein and this in turn may
control specific protein–protein interactions and affect
NS5 replicase activity (Kapoor et al., 1995). In addition,
we have demonstrated that both the NS5 (Tan et al.,
1996) and NS3 proteins are able to bind to the 39 non-
coding region of the viral genome. Furthermore, the
NTPase activity of NS3 protein was stimulated by the
viral RNA-dependent RNA polymerase, which suggests
FIG. 6. Stimulation of ATPase activity by the NS5 protein. (A). Lane 1, [a-33P]ATP only; lane 2, [a-33P]ATP 1 40 ng of NS3; lanes 3–6 as in lane 2
but with the addition of 40 ng of poly(U), poly(A), 40 ng of the NS5 protein, and 40 ng of GST, respectively. (B). The NS5 protein concentration-dependent
stimulation of the ATPase activity (closed columns, with the NS5 protein; open columns, with GST). (C) The effect of the NS5 protein on the rate of
ATPase activity (open circle, 40 ng of NS3; closed circle, 40 ng of NS3 with 40 ng of NS5; and open square, 40 ng of NS5). At each time interval of
5 or 10 min, 0.5 ml of each of the sample was withdrawn from the reaction mixtures. (D) The inhibition of the stimulatory effect of the NS5 protein by
anti-NS5 IgG. Lane 1, [a-33P]ATP; lane 2, [a-33P]ATP1 40 ng of NS3; lane 3, [a-33P]ATP1 40 ng of NS3 1 40 ng of NS5; lane 4, the same as lane 3
except in the presence of 80 ng of anti-NS5 IgG.
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that the association between NS5 and NS3 may play a
role in the regulation of the NTPase activity. Studies on
the closely related HCV have demonstrated helicase
activity in the NS3 protein, which implies an involvement
in virus replication. It is likely that ATPase activity of the
NS3 protein is closely associated with helicase activity
during the process of template unwinding.
It is likely that the interactions between the NS3 and
NS5 proteins may have induced a conformational
change in the active site of NS3, which in turn enhances
the substrate availability and hence NTP hydrolysis. It is
not possible to know precisely how NTPase activity is
stimulated by NS5, since detailed structural information
regarding the association of NS3 and NS5 proteins is not
currently available. It is not clear if this observed effect
on NTPase activity is specific to the dengue viruses,
since no similar studies on the interaction of the NS3 and
NS5 proteins in other flaviviruses, with respect to NTPase
activity, have been published. Although we do not know
precisely how these components are arranged during
these processes, the NS3 protein is thought to be in-
volved in the unwinding of the viral RNA template, while
the NS5 protein catalyses the synthesis of new RNA
molecules. It is likely that specific stimulation of the NS3
NTPase activity by the viral polymerase is directly linked
to functions involved in virus replication. An important
aspect of NTPase activity during virus replication may be
to provide free energy for a variety of processes, includ-
ing those of viral RNA binding by the replicase complex,
the unwinding of nascent duplex RNA formed during
virus replication, and the removal of the secondary struc-
ture presented on the template RNA (Arai and Kornberg,
1981; Hagler et al., 1994; Deng and Shuman, 1996). In
essence, the data presented in this report have provided
us the first direct evidence that the NTPase activity of the
NS3 protein is regulated by viral RNA polymerase, sug-
gesting a possible functional association between the
NS3 and NS5 proteins during virus replication. This char-
acteristic, together with the fact that NS3 is a multifunc-
tional protein mediating a variety of diverse functions,
has made it an interesting target for therapeutic inter-
vention in flavivirus infections.
MATERIALS AND METHODS
Construction of plasmid pGEX-KG/NS3
The full-length cDNA sequence of the DEN1 Singa-
pore strain S275/90 has been described previously (Fu et
al., 1992). We used one of the cDNA clones (pAD29) from
this previous study as a template for PCR amplification.
This cDNA clone contains a 2.5-kb insert, which encom-
passes the entire dengue viral NS3 protein coding re-
gion. PCR amplification was carried out using the prim-
ers D1RNS3B (sense strand, corresponding to se-
quences of viral genome from 4503 to 4522) 59 GAA AGG
ATC CT4503C TGG AGT GTT ATG GGA CAC A4522 39 and
D1F6360H (antisense strand) 59 ACC CAA GCT TCA
T6359CT TCT TCC TGC TGC6345 39, which generated a
1.9-kb PCR fragment containing the entire DEN1 NS3
protein coding sequence, with flanking BamHI and
HindIII restriction sites (underlined). The sequence of the
DEN1 NS3 protein cDNA was confirmed using the
dideoxy sequencing method. The PCR fragment was
digested using BamHI and HindIII and ligated to the
corresponding restriction sites in the bacterial expres-
sion vector pGEX-KG (Guan and Dixon, 1991), generating
the recombinant vector pGEX-KG/NS3. This places the
cDNA sequence encoding the dengue virus NS3 protein
immediately downstream of the glutathione S-trans-
ferase (GST) gene. The recombinant dengue virus NS3
protein is therefore expressed as a GST fusion protein
with a thrombin cleavage site positioned between both
proteins.
Expression and purification of DEN1 NS3 protein
An overnight culture of E. coli strain DH5a transformed
with pGEX-KG/NS3 was diluted 1:50 into 1 liter of growth
medium (LB medium containing 100 mg/ml of ampicillin).
The culture was incubated at 37°C until the OD600
reached 0.5 and the temperature was then reduced to
30°C and protein expression induced by the addition of
0.5 mM isopropyl-1-thio-b-D-galactoside (IPTG) for 2 h.
The cells were resuspended in lysis buffer (150 mM
NaCl, 0.5% Triton X-100, 0.5 mg/ml aprotinin, 0.05 mg/ml
leupeptin, 0.25 mg/ml pepstatin, and 50 mM sodium
phosphate, pH 7.0) containing 0.1 mg/ml lysozyme and
incubated at 4°C for 60 min. The viscosity of the cell
lysate was reduced by sonication and glutathione–
Sepharose 4B (Pharmacia) was added to the clarified
lysate. The binding of the fusion protein to the glutathi-
one affinity matrix was carried out at 4°C for 1 h followed
by washing the resin with 20 vol each of wash buffer (150
mM NaCl, 50 mM sodium phosphate, pH 7.0) and wash
buffer with 0.5% Triton X-100. The resin was incubated in
thrombin cleavage buffer (5 u thrombin in wash buffer)
TABLE 1
NTPase Activity of NS3 Stimulated by NS5
Substrates
(%) NTP hydrolysisa
NS3 NS3 1 NS5
ATP 62.8 81.6
CTP 13.6 22.4
GTP 58.9 72.3
UTP 34.6 36.2
a The measurement of the percentage of the conversion from nucleotide
triphosphates to diphosphates was based on the two reactions containing,
respectively, 40 ng of NS3 and 40 ng of NS3 together with 40 ng of NS5
under the standard condition for NTPase assays. The quantitation and
other details are described under Materials and Methods.
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for 2 h at 4°C and the eluent was analyzed by SDS–PAGE
(Laemmli, 1970) and Western blotting (Towbin et al.,
1979). The recombinant NS3 protein was stable for at
least 2 months when stored at 220°C in the presence of
25% glycerol.
Construction, expression, and purification of
recombinant NS5 protein
The expression and purification of the DEN1 recombi-
nant NS5 protein has previously been described (Tan et
al., 1996).
Preparation of rabbit antisera
The preparation of rabbit antisera against DEN1 Sin-
gapore strain and the recombinant NS5 protein has been
previously described (Tan et al., 1996). Anti-recombinant
NS3 serum was prepared in rabbits by intramuscular
inoculation with 200 mg of purified recombinant protein
emulsified in Freund’s adjuvant (Sigma). Three doses
were given over a 3-week period and the rabbits were
bled 14 days after the last booster dose. IgG was purified
from the preimmune serum and antiserum by ammonium
sulfate precipitation followed by affinity chromatography
using protein G–agarose (Boehringer Mannheim).
NTPase assays
The standard NTPase assay was performed in a 10-ml
reaction volume containing 2.5 mM MgCl2, 10 mM NaCl,
5 mCi of [a-33P]NTP (2000 Ci/mmol; NEN DuPont), 40 mM
Tris–HCl, pH 7.3, and 40 ng of recombinant NS3 protein.
The reaction was carried out at 37°C for 60 min and
terminated by the addition of ethylenediaminetetraacetic
acid disodium salt (EDTA) to a final concentration of 50
mM. The reaction mixture (0.6 ml) was spotted onto
plastic-backed polyethyleneimine (PEI) cellulose F sheets
(Merck), which separated the substrate and reaction
products by ascending thin-layer chromatography. The
chromatogram was performed in 0.375 M potassium
phosphate (pH 3.5), after which the sheets were dried
and exposed to X-ray films. The radioactivity was quan-
tified by measuring the integrated optical density of the
hot spots using a Molecular Dynamics Phosphoimager
analyzer. In the inhibition assay, 80 ng of IgG purified
from preimmune serum and anti-NS3 and anti-NS5 sera
were each preincubated with corresponding reaction
mixtures at 37°C for 1 h and ATPase activity was as-
sayed as described above.
Time course measurements and calculation of the
percentage of ATP hydrolysis
The NTPase activity was measured at 37°C in a reac-
tion volume of 40 ml. A 0.5-ml volume of the reaction
mixture was withdrawn at 5- or 10-min intervals and
spotted onto the PEI cellulose sheets. The percentage of
the ATP hydrolysis was calculated by dividing the
amount of ADP product by the total ATP added in the
reaction mixture as determined by scanning the autora-
diograph and computing the integrated optical density.
The rate of the reaction was calculated based on the
time required for half of the amount of ATP to be hydro-
lyzed. The subsequent procedures are the same as
those in the NTPase activity assay.
In vitro synthesis of RNA transcripts
The RNA transcripts were prepared using methods
previously described (Tan et al., 1996; Cui and Porter,
1995). The DEN1 94-nucleotide RNA transcript (denoted
pDEN94nt), comprising 92 nucleotides derived from the
39-noncoding region of the DEN1 and 2 nucleotides, GG,
from the vector was prepared using the template p94.
The p94 was obtained by PCR amplification using the
plasmid p629 (Tan et al., 1996) and the following two
primers (The bacteriophage T7 promoter is underlined
and the two vector nucleotides are in bold print): 59 TGT
AAT ACG ACT CAC TAT AGG GCT GGG AGA GAC CAG
AGA TC 39 and 59 GGA AAC AGC TAT GAC CAT G 39. The
DEN1 790-nt RNA transcript was prepared using plasmid
pDEN790 which was obtained by inserting the cDNA
fragment comprising of 725 nucleotides derived directly
from the 59 region of the DEN1 viral cDNA after reverse
transcription reaction (9 to 734, with a 59 blunt end and
an XbaI-digested 39 end) into pBluescript II(SK6) (Strata-
gene). The blunt ends were generated using Klenow
enzyme (Boehringer Mannheim) based on filling-in reac-
tions. The pDEN790 DNA was then linearized with XbaI
and transcribed using T7 DNA-dependent RNA polymer-
ase. The resulting RNA was composed of 725 nucleo-
tides derived from the virus and 65 nucleotides from the
vector. The details of the plasmids, pHST106, a gift from
Dr. L. Gehrke, Harvard Medical School, for the synthesis
of rabbit a-globin RNA, and pJC1, for the production of a
70-nt RNA transcript after digested with XbaI, have been
described previously (Cui et al., 1993).
RNA band shift assays
The standard binding reaction was performed in 15 ml
containing 40 mM Tris–HCl, pH 7.3, 10 mM NaCl, 10 mM
dithiothreitol, 3 mM MgCl2, 20 ng of
33P-labeled RNA
transcript, and 0.2 mg of recombinant NS3 protein. The
reaction was carried out at 37°C for 10 min.
In the binding assays using unlabeled competitor or
noncompetitor RNAs, the NS3 protein was first incubated
with the 33P-labeled pDEN94nt RNA transcript under the
standard conditions of a binding reaction. Various con-
centrations of unlabeled homopolymeric RNAs, poly(A)
and poly(U) (Boehringer Mannheim), and heteropoly-
meric RNAs, pDEN94nt and pHST106, were then added
into the reaction, respectively, and the incubation was
continued for another 10 min. The reaction mixture was
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analyzed using 8% nondenaturing polyacrylamide gel
electrophoresis. The protein–RNA complex formation
was visualized by autoradiography (Cui et al., 1993).
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